BACKGROUND/OBJECTIVES: Prediction equations are commonly used to estimate body fat from anthropometric measurements, but are population specific. We aimed to establish and validate a body composition prediction formula for Asian newborns, and compared the performance of this formula with that of a published equation. SUBJECTS/METHODS: Among 262 neonates (174 from day 0, 88 from days 1-3 post delivery) from a prospective cohort study, body composition was measured using air-displacement plethysmography (PEA POD), with standard anthropometric measurements, including triceps and subscapular skinfolds. Using fat mass measurement by PEA POD as a reference, stepwise linear regression was utilized to develop a prediction equation in a randomly selected subgroup of 62 infants measured on days 1-3, which was then validated in another subgroup of 200 infants measured on days 0-3. RESULTS: Regression analyses revealed subscapular skinfolds, weight, gender and gestational age were significant predictors of neonatal fat mass, explaining 81.1% of the variance, but not triceps skinfold or ethnicity. By Bland-Altman analyses, our prediction equation revealed a non-significant bias with limits of agreement (LOA) similar to those of a published equation for infants measured on days 1-3 (95% LOA: ( À 0.25, 0.26) kg vs ( À 0.23, 0.21) kg) and on day 0 (95% LOA: ( À 0.19, 0.17) kg vs ( À 0.17, 0.18) kg). The published equation, however, exhibited a systematic bias in our sample. CONCLUSIONS: Our equation requires only one skinfold site measurement, which can significantly reduce time and effort. It does not require the input of ethnicity and, thus, aid its application to other Asian neonatal populations.
INTRODUCTION
Excess adiposity is a major risk factor for adverse health outcomes and chronic diseases. 1 Body fat assessment in infants is important not only as an indicator of nutritional status, but also because of the increasing evidence of its role in the developmental origins of health and disease later in life. Techniques such as dual-energy X-ray absorptiometry (DXA) and quantitative nuclear magnetic resonance have been used in research studies, which provide noninvasive, accurate and precise measurements of body composition, but both techniques are generally unsuitable for large-scale pediatric use. DXA often requires infants to lie still during scanning, thus making the implementation of the technique challenging. In addition, estimates of infant body composition measured by quantitative nuclear magnetic resonance without appropriate mathematical adjustment fares poorly when compared with a four-compartment model, deuterium oxide dilution (D 2 O) technique and air-displacement plethysmography (ADP) for infants. 2 The infant-sized ADP instrument, PEA POD, provided a reliable and accurate assessment of body fat in infants. [3] [4] [5] It has been shown to provide better estimates than other techniques, such as DXA, 6 and considered as a principal method for body composition assessment in children. The measurements are easy to perform and are validated against the four-compartment model in other studies. 7, 8 Ellis et al. showed that measurements by PEA POD can be used as a reliable and accurate reference in healthy infants. Their study on 49 healthy infants demonstrated no significant difference in the mean percent body fat (%BF) obtained from PEA POD and the four-compartment model, and the regression between %BF obtained by both did not deviate significantly from the line of identity (R 2 ¼ 0.73, standard error of the estimate ¼ 3.7 %BF). In addition, PEA POD takes into account that the hydration status of neonates differs from adults and that hydration of fat-free mass decreases with age, 9,10 unlike other reference methods, such as DXA, which assumes constant hydration. The machine, however, is bulky and expensive, and its use is restricted only to fixed locations, such as hospital settings. Therefore, it would be desirable to have a prediction equation for estimation of total body fat in infants using a combination of anthropometric variables. This would allow for quick estimations of body composition without the need for specialized laboratories or expensive equipment.
Skinfold thickness (SFT) measurements provide estimates of subcutaneous fat layer, 11 which can be easily converted into values of %BF or fat mass via prediction formulas. 12, 13 SFT measurements are fast and non-invasive bedside methods, which can be performed with high reproducibility, so long as great care is taken with fieldworker training and quality control. SFT measurements for body composition assessment in adolescents and children have been widely used in clinical research and epidemiological settings. 14, 15 Studies have shown that SFT measurements from single-site skinfolds were highly correlated with total fat mass in infant subjects. 16 In older children, SFT measurements have been shown to correlate with body fat measured by DXA. 17 Questions have been raised, however, on their validity in infancy, given the age-related variability in hydration status as well as variability in skinfold compressibility among neonates. 18, 19 Generalized skinfold prediction equations, such as those by Slaughter et al., 20 for estimating body composition in infants have been developed, although these equations are population specific, 21 and, thus, may not be suitable for Asian infants.
The birth cohort study, 'Growing Up in Singapore Towards Healthy Outcomes' (GUSTO), is designed to capture both prenatal and infant growth predictors in a longitudinal fashion in Singapore. GUSTO was designed to test specific hypotheses related to the developmental pathways to obesity and cardiometabolic disorders in Chinese, Malay and Indian children. We collected %BF and fat mass data as measured by PEA POD from a subgroup of GUSTO infant subjects. The aims of this study are to first establish and validate a prediction formula that is specific for the GUSTO cohort during the early postnatal period, using PEA POD measurements as reference, and second, to compare the performance of our prediction equation with that of Slaughter et al., 20 for estimating neonatal fat mass in our cohort.
MATERIALS AND METHODS

GUSTO birth cohort
The Singapore birth cohort study, GUSTO, is designed to examine developmental origins of obesity and associated disorders, and one of its aims is to determine developmental factors that can predict patterns of growth and body composition in infancy and childhood. Pregnant women (age 418 years) in their first trimester were recruited from the two major public hospitals with obstetric service in Singapore, KK Women's and Children's Hospital and National University Hospital. Those on chemotherapy, psychotropic drugs or type I diabetes mellitus were excluded from the study. A total of 1163 women were recruited for the study from June 2009 till September 2010. Informed written consent was obtained from each participant either on the day the study staff first approached the subject, or a few days later after consultation with her spouse.
The offspring were born at National University Hospital and KK Women's and Children's Hospital, between November 2009 and May 2011. For our analysis, only healthy, singleton term infants in gestational age (GA) between 37 and 40 weeks were considered. A subgroup of babies born in KK Women's and Children's Hospital, whose parents consented, had PEA POD measurements. We excluded data from infants with birth weight below 2.5 kg, or had %BF measured by PEA POD below 5%. After exclusion, a total of 262 infants, from day 0 to 3 after birth, were analyzed in this study.
Measurements
Weight was recorded to the nearest gram using a calibrated scale (SECA Corp. Hamburg, Germany). For reliability, measurements were taken in duplicate. Abdominal circumferences were recorded to the nearest 0.1 cm, using a non-stretchable measuring tape (SECA 212 Measuring Tape, SECA Corp.). Two skinfolds (triceps and subscapular) were measured in triplicates using Holtain skinfold calipers (Holtain Ltd, Crymych, UK) on the right side of the body, recorded to the nearest 0.2 mm. The following published equation by Slaughter et al. 20 was used to estimate body fat from SFT:
, where P SFT ¼ triceps þ subscapular skinfolds %BF and fat mass was measured using PEA POD (Life Measurement Inc., Concord, CA, USA), 22 which measured body volume, and coupled with body weight, was used to calculate body density. %BF can then be calculated from the body density, assuming that the body consists of two components, fat mass and fat-free mass, each with a known density.
Model derivation
For purposes of model derivation, infants whose measurements were taken at day 0 (o24 h after delivery) were excluded; this was based on a recent study that had suggested there was a significant weight loss during the time period of less than 24 h after delivery. 23 Hence, in deriving the prediction model for neonatal fat mass, only infants whose measurements were taken from day 1-3 were considered (n ¼ 88). The subjects were divided into two groups using the SPSS random number generator. The 'derivation group' included two-thirds of the subjects and was used to derive the prediction equation for neonatal fat mass. The 'validation group' consisted of the remaining subjects. Stepwise linear regression was utilized to derive the best model to predict neonatal fat mass from the 'derivation group'. The starting maximum model included all independent variables. It is well-documented that body composition differs significantly between male and female infants; 24, 25 thus, infant gender was included in the equation. The dependent variable was fat mass (in kg) as measured by PEA POD. The independent variables used for development of the prediction equation were gender, ethnicity, weight, abdominal circumference, tricep skinfolds, subscapular skinfolds, GA and day of measurement post delivery.
Statistical analysis
The reliability of the newly derived model and the published equation were assessed on the 'validation' group and the subgroup of day 0 infants; differences between measured and predicted values were tested for significance from zero using one-sample paired Student's t-tests. Technical errors and intraclass correlations were computed to evaluate reproducibility of SFT measurements. 26, 27 %BF values predicted from Slaughter's equation were converted to fat mass using the following equation:
Fat mass Slaughter ¼ (%BF Slaughter /100) Â weight Bland and Altman 28 analysis was used to compare fat mass prediction from Slaughter's equation and the newly derived model with measurements obtained from PEA POD, by determining the bias and limits of agreement (LOA). Bias was defined as (Fat Mass prediction À Fat Mass PEAPOD ). LOA was determined by mean bias ±1.96 s.d. to indicate the possible extent of variation between predicted fat mass and PEA POD measurement for any subject. All analysis was performed using IBM SPSS Statistic for Windows Version 19 (Armonk, NY, USA).
RESULTS
Baseline characteristics of the infants at day 0 and days 1-3 are illustrated in Table 1 . No significant differences were observed in the anthropometric measurements between derivation and validation groups. The reproducibility of SFT measurements in our study are illustrated in Supplementary Table 1. We noted small mean differences between minimum and maximum measurements for triceps (0.16 mm for boys, 0.15 mm for girls) and subscapular skinfolds (0.15 mm for boys, 0.14 mm for girls). Intraclass correlation for triceps skinfolds was high in both boys (r ¼ 0.994) and girls (r ¼ 0.997), and the same observation was noted for subscapular skinfolds (r ¼ 0.996 for boys, r ¼ 0.997 for girls). Technical error for triceps (0.19 mm for boys, 0.15 mm for girls) and subscapular skinfolds (0.15 mm for boys, 0.14 mm for girls) were also quite small in our study, indicating high reproducibility of SFT measurements.
Stepwise linear regression analysis identified GA, weight, subscapular skinfolds and gender to be significant predictors of neonatal fat mass ( 
where gender ¼ 1 for male, 0 for female Fat mass predicted using the GUSTO equation exhibited a moderately strong correlation with Fat mass PEAPOD (r ¼ 0.567, P ¼ 0.003), which is similar compared with fat mass predicted using Slaughter's equations (r ¼ 0.570, P ¼ 0.002).
The accuracy of each prediction equation for the 'validation group' was assessed using Bland-Altman plots (Figures 1a and b) 20 and with measurements obtained by PEA POD. To our knowledge, this study is one of the few that incorporates PEA POD as a reference method to cross-validate fat mass prediction equations. Our study utilized absolute fat mass rather than relative body fat (that is, %BF) as the outcome variable, as early studies have identified absolute fat mass as a more desirable outcome when estimating body composition from anthropometric variables in infants and children. 29 Recent studies had also identified poor predictability when attempting to correlate anthropometric measurements with relative body fat. 30 SFT measurements have also been identified to be more useful in estimating fat mass rather than relative body fat. 16 Consistent with other studies, we found that weight, gender and GA were significant contributors in estimating neonatal fat mass. 30, 31 Our study found that subscapular SFT improved the prediction of fat mass. SFT has been widely accepted as a predictor of body fat 32 and can be measured directly using well-calibrated callipers. As with all quantitative biological measures, it is important to minimize error. In our study, we observed a high reproducibility of SFT measurements consistent with other studies conducted in children, 33 which reflected that our observers were well-versed and trained in SFT measurement.
In our stepwise multiple regression analysis, it was somewhat surprising that triceps skinfold was not a significant predictor, but subscapular skinfold is. This might be due to greater within-subject variability for triceps SFT measurements as observed in our study group. Subcutaneous fat is also known to be unevenly distributed around the circumference of the limbs, which may explain why triceps SFT is not predictive of fat mass. Early studies have also highlighted that subscapular skinfolds are more predictive of fat mass than other single-skinfold sites for infants. 16 Given the difficulty in performing skinfold measurements in newborns, and wide inter-and intra-individual variability in such measurements, our equation can significantly Table 1 . Characteristics of study subjects reduce time and effort in large birth studies. Ethnicity was also not a significant contributor in predicting neonatal fat mass. The lack of contribution of ethnicity in the prediction of body fat is also consistent with earlier literature on adult Singaporean Chinese, Malays and Indians, which had noted a similar observation. 34, 35 This allowed us to derive a prediction model, which does not require input of ethnicity for fat mass prediction, and thus may be helpful in its application to other Asian neonatal populations. We still believe there is significant difference in body composition between Caucasian and Asian babies, but our study appeared to suggest that the difference between Asian babies of different ethnicity is much less.
Our model was derived from infants whose measurements were taken on days 1-3, and excluded infants whose measurements were taken on day 0. This was based on a recent report that had identified significant initial weight loss measured at day 0, 23 due to differences in hydration status. It is well-documented that neonates become lighter than they were at birth because of change in hydration status. 9, 10, 36 We chose to exclude infants with anthropometric measurements taken on day 0 as the difference in hydration status may influence body fat estimates made by PEA POD, which may in turn impact the ability of our model to estimate neonatal fat mass if day 0 infants were included. We also showed that our model, derived from infants at days 1-3 post delivery, could still estimate neonatal fat mass of infants at day 0 with a small mean bias and no significant systematic bias, unlike Slaughter's equation (Figures 2a and b) . This illustrates the applicability of our model for other newborns in the GUSTO cohort, who did not have PEA POD measurements.
Earlier studies 34, 35 revealed that existing prediction formulas for body fat 37 were not applicable for Singaporean adults and adolescents, because of the populations in which these equations were developed in, which were mainly Caucasian. Our study revealed that Slaughter's equation may not be as applicable in Singaporean infant population as evident by the systematic bias exhibited by Slaughter's equation. This is indicative that prediction formulas for body fatness are population specific, and existing equations may not be entirely useful for multi-ethnic Asian populations. The GUSTO equation had no significant systematic bias when estimating neonatal fat mass, indicating that the equation is in agreement with PEA POD-derived fat mass and a general applicability of the equation to other newborns in the GUSTO cohort, who did not have PEA POD measurements. Given that the GUSTO equation was developed in a largely Asian cohort, it could also be applied to estimate body fat of Asian newborns in other studies.
Our model has its limitations; it was based on healthy, term infants and, thus, not representative of small (that is, preterm, low birth weight) infants. Our study sample had a wide distribution of fat mass, ranging from 0.13 to 0.86 kg with majority of the infants having fat mass ranging from 0.20 to 0.50 kg. Our model estimated neonatal fat mass with a coefficient of determination (R 2 ) of 81.1%, which is slightly lower than R 2 values reported in other studies. 31, 32 This might be explained due to differences in methodologies (such as availability of SFT sites) used in other studies; our study lacked suprailiac and biceps SFT, which are also surrogate measures of central and peripheral adiposity, respectively. 38 The addition of these SFT sites to our model might improve the prediction of neonatal fat mass. In addition, though we demonstrated high technical precision of SFT measurements, our model also showed somewhat broad limits of agreement. While this suggests that error in individual measurements could be large, the small mean bias observed in our equation suggests that our model is suitable for comparisons between groups of infants.
In conclusion, we have developed a new fat mass prediction equation for use in Asian neonates. This equation can be used as a non-invasive method to obtain an in vivo estimate of fat mass in groups of infant subjects, but would be of almost no use in any individual infant. In order to obtain more accurate assessments of body composition of an individual infant, prediction estimates should be followed up with more sophisticated techniques of body composition measurement such as PEA POD. Given that our equations were developed in a largely Asian cohort, it can be extrapolated to estimate body fat of Asian newborns in other studies.
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